We developed a post-embedding ultrastructural enzyme affinity-gold technique to label histamine. Diamine oxidase (DA0)-gold complex was prepared and tested for specificity with routinely processed, Epon-embedded, histaminerich human mast-cell granules and histamine-agar test blocks, both of which were labeled. Specificity controls included removal of staining by DAO digestion of Epon sections containing mast cells or by filtering DAO-gold Over histamine-agarose beads, and a wide variety of controls (for these specificity controls) that did not abrogate mast-cell granule or histamine-agar block labeling with DAO-gold.
Introduction
Histamine has been known to be associated with mast cells since the seminal observations of Riley and West (1) . Light microscopic methods to image histamine-containing mast cells are available (2, 3), and selective localization of histamine in electron-dense secretory granules of rat mast cells with either ultrastructural autoradiography (4) or an ultrastructural immunogold method ( 5 ) has been reported. Human mast cells are a good source material to test methods designed to demonstrate histamine at the ultrastructural level, since mast cells are known to contain large amounts of granule histamine (average, 3.74 pgkells, freshly isolated human lung mast cells) (6), and preservation of their varied granule patterns for ultrastructural studies offers a good challenge to methods designed to do so. We wished to develop a reliable ultrastructural method to detect human mast-cell granule histamine that would also preserve the excellent fine-structural details necessary for the assessment of release and recovery events in these cells (reviewed in 7). Therefore, we developed a new ultrastructural enzyme affinity-gold technique similar to that described by Bendayan for Supported by USPHS grant AI-33372. 788 DVORAK, MORGAN, SCHLEIMER, LICHTENSTEIN Isolation and Short-term Culture of Human Lung Mast Cells. Mast cells were purified from human lung as previously described (6, 11) . Briefly, grossly normal lung fragments were obtained from pneumonectomy or lobectomy specimens removed for pulmonary tumors. Single cells were dispersed by two 30-min incubations in solutions containing pronase (2 mglml) and chymopapain (0.5 mglml), followed by two incubations in solutions containing collagenase (1 mglml) and elastase (10 Ulml). Lung-cell suspensions, initially containing 6% mast cells, were enriched further (range 10-65 %) by countercurrent centrifugal elutriation. These cells were resuspended in 12 ml RPMI medium with 10% heat-inactivated fetal calf serum, 250 Ulml of penicillin, 250 pglml of streptomycin, and 50 pglml of gentamycin. Cells were aliquotted into 24-well tissue culture plates (1 mllwell) and were incubated until harvest 6 hr later, as previously reported (12) . [The histamine content of four representative isolated, semipure human lung mast-cell preparations averaged 3.74 pglmast cell (G).] Preparation for Electron Miaoscopy. Cell suspensions were fixed by dilution in a tenfold excess of a mixture of freshly prepared paraformaldehyde (1%). glutaraldehyde (1.25%), and calcium chloride (0.025%) in 0.1 M sodium cacodylate buffer, pH 7.4. Cells were fixed for 1 hr at room temperature and washed in 0.1 M sodium cacodylate buffer, pH 7.4, at 4'C. The samples were transferred to microtubes and centrifuged at 1500 x g for 1 min. They were then re-suspended in molten 2 % agar and quickly re-centrifuged. The resultant agar pellets containing the cells were washed in 0.1 M sodium cacodylate buffer, pH 7.4, 4°C before post-fixation for 2 hr at room temperature in 2 % collidine-buffered osmium tetroxide, stained en bloc with uranyl acetate for 2 hr at room temperature, dehydrated in a graded series of alcohols, and embedded in a propylene oxide-Epon sequence. Thin sections were cut with a diamond knife and placed on gold or nickel grids.
Preparation of DAO-Gold. A colloidal suspension was prepared according to the method of Frens (9). Four ml of an aqueous 1% solution of sodium citrate was added to a boiling aqueous solution of 100 mlO.O1% tetrachloroauric acid and allowed to boil for 5 min before cooling on ice. The pH of the colloidal gold suspension so produced was adjusted to 7 with 0.2 M potassium carbonate. Preparation of the DAO-gold complex was according to the method of Bendayan (10). Three mg of DAO was dissolved in distilled water and placed in a polycarbonate ultrafuge tube with 10 ml of the gold suspension. The mixture was centrifuged at 25,000 rpm for 30 min, 4'C, in a Beckman ultracentrifuge with a #50.2 Ti rotor. The DAO-gold complex formed a red sediment that was carefully recovered and re-suspended in 3 ml 0.1 M PBS containing 0.02% polyethylene glycol, pH 7.6 (final concentration 1 mg DAOlml).
Enzyme Mkhy-CytochemicaI Procedure to Label Histamine. For cytochemical labeling, section-containing grids were inverted and floated on PBS drops for 5 min. followed by incubation on a drop of DAO-gold at 37'C for 60 min. The grids were vigorously washed in distilled water and stained with dilute lead citrate for 10 min before viewing in a Philips 300 or 400 electron micfoscope.
The effect of pH on preparation of the DAO-gold complex was tested by preparing the reagent at different pH values, from 5.2 to 8.4, before selecting pH 7 as the routine preparation value for DAO-gold. Similarly, the staining pH was varied from 6 to 8 before selecting pH 7.6 as the optimal labeling value for histamine, a value close to that optimal for the enzymatic reaction of DAO (13; and manufacturer's literature). The effect of temperature on labeling was assessed at 2O' C, 37°C and 70'c and, as expected, granule histamine labeling with DAO-gold increased with temperature. Background also increased, however, and 37'C was selected as the standard incubation temperature for labeling. Cytochemical Controls. We did a number of controls to assess the specificity dcytochemical labeling of human mast-cell granules with DAO-gold: (a) boiling of DAO-gold for 10 min before use for labeling; (b) incubation of grids with colloidal gold reagent only; (c) observation of type I1 alveolar pneumocyte (present in the same samples of lung cells) secretory granules, the lamellar body, which contains surfactant, not histamine; (d) preparation of test agar blocks containing a variety of compounds by fixation, processing, and embedding identical to that used for mast cells, and subsequent labeling of thin sections with DAO-gold by identical procedures as for tissue blocks. These compounds included histamine (8 mgll5O pl agar), RNA (2.5 mgll5O pI agar), polyuridine (1.5 mgll5O pI agar), and polyadenine (3 mgll5O p1 agar); (e) pre-incubation of the DAO-gold reagent in solution, or of grids, with histamine before labeling grids with DAO-gold; (f) pre-incubation of grids with heparin before labeling grids with DAO-gold; (g) labeling of grids with DAO-gold that had been passed over a variety of materials packed into Pasteur pipette columns (these included glass wool only, Sepharose beads, heparin-agarose beads, histamine-agarose beads). We also examined labeling after filtering colloidal gold only over such beads as well as labeling with DAO-gold filtered over heparin-agarose, histamine-agarose, or Sepharose beads that had previously been flushed with histamine; (h) incubation of grids for 60 min at 37'C in DAO, washing, and labeling with DAO-gold; and (i) incubation of grids for 60 min at 37°C in heparinase I11 (EC 4.2.2.8). heparinase (EC 4.2.2.7), or heparinase 11, washing, and labeling with DAO-gold.
Results

General Ultrastructural Morphology of Isolated Human Lung Mast Cells in Short-term Cultures
Isolated, partially pure, mature human lung mast cells in shortterm cultures contained many electron-dense secretory granules, as reported (12). All previously reported human mast-cell substructural granule patterns (13) were present; those containing scrolls (Figures lA-lG, 2-6, 8-10), particles, and mixed patterns exceeded the well-defined crystal-containing granules ( Figures 1H and 11 ) and those with reticular ( Figure 1J and 1K) and homogeneously dense patterns. Less than 1% of the mast cell granules were swollen ( Figure 1A ) and/or only partially filled with dense materials. Such partially empty granules are regularly present in higher numbers (<5 %) immediately after purification procedures (6) and prior to culture, but they regularly diminish by 6-24 hr of culture (14). This situation parallels the accompanying kinetics and the amount of spontaneous histamine release in replicate samples (6,12,14).
DAO-Gold-labeled Human Mast-cell Secretory Granules
All substructural types of granules that were regularly present in human lung mast cells were labeled (Figures 1-4) ; particle granules and particle-containing portions of mixed granules labeled with somewhat less intensity, however (data not shown). Swollen, partially empty granules ( Figure 1A ) and granules with remaining lightly dense altered matrix either did not label or were markedly reduced in labeling. Immature granules with central condensation foci (15) were sometimes devoid of label ( Figure 1B) .
DAO-gold did not label lamellar bodies ( Figures 1L and 3B) . the surfactant containing secretory granules of the Type I1 alveolar pneumocytes that were present in the same grids as the human lung mast cells, thereby providing a good internal specificity control for each sample. , The nuclear heterochromatin of each cell type was regularly labeled with DAO-gold (Figure 4) .
Controfs for the DAO-Gofd Cytochemicaf Method
The labeling obtained with DAO-gold was tested in a number of controls. These controls are summarized in Table 1 . In general, controls that abrogated labeling of histamine-containing human mast cell granules (Figures 4, 8A, Figure 10D ). did not label mast cell granules. Nuclear heterochromatin was also abrogated by these controls ( Figure 5 ).
DAO-gold, when passed over glass wool alone (used to pack Pasteur pipettes with various beads), did not lose its labeling capacity, and this process generally removed larger, unwanted gold aggregates from the reagent. DAO-gold that was filtered over sepharose beads ( Figures 9A and 1OC ) or heparin-agarose beads ( Figures 9B and 10E ) also retained granule labeling capacity, and the individual bead preparations remained white (Figure 7) ; the effluent used for labeling was red. When sepharose beads, heparin-agarose beads, or histamine-agarose beads were flushed with histamine before filtering DAO-gold, the histamine-agarose beads turned red, the effluent was clear, and mast-cell granules did not label with DAO-gold; sepharose beads remained white, the effluent was red, and labeling of mast-cell granules occurred; heparin-agarose beads remained white, the effluent was red, and the granules were labeled with extra intensity. Increased label intensity also occurred sometimes when soluble histamine was pre-incubated with DAO-gold before incubating the grid or the grid was pre-incubated with histamine before DAO-gold. In each case background also increased, clearly showing the need to use solid-support substrate to successfully block the activity of the enzyme-gold complex. In addition, the presence of free histamine in any of the controls acts to bind non-complexed DAO that might digest substrate andlor compete for binding sites with the labeled reagent, thereby potentially increasing the efficiency of label with DAO-gold. Preincubation of grids with heparin, heparinase I11 (EC 4.2.2.8 ). heparinase 11, or heparinase (EC 4.2.2.7) ( Figure 10G ) before DAO-gold incubation did not abolish the specific granule labeling. Agar blocks were prepared exactly as were the cell samples for electron microscopy after incorporating histamine or a variety of macromolecules into molten agar and cross-linkine these materials with aldehyde fixatives. DAO-gold was subsequently used to stain thin sections. The histamine-agar block labeled with DAO-gold (8.38 particles/in2); RNA-, polyuridine-, polyadenine-, containing agar blocks and agar alone were negative. The histamine-agar block labeled poorly with gold only (0.06 particles/in2) or with an irrelevant enzyme-gold complex, RNAse-gold (0.04 particles/in2) prepared according to Bendayan (10) (AM Dvorak, E Morgan, unpublished data).
Discussion
We describe a new enzyme affinity-gold technique for ultrastructural cytochemistry, based on the original work of Bendayan (10). We used DAO (histaminase) to image histamine in human mastcell granules in partially purified, short-term cultures of human lung mast cells (which are rich in histamine) as a model system. The results clearly show that histamine-rich, membrane-bound a secretory granules (1-4, 16) are extensively and specifically labeled.
The method works on aldehyde-fixed, osmicated, uranyl en blocstained cells dehydrated in alcohol and embedded in Epon, thereby providing the excellent preservation of fine ultrastructural detail regularly associated with material prepared in this way. The optimal temperature, time, and pH for staining were determined to coincide with those known for the oDtimal enzvmatic action of DAO, and the ability to stain mast-cell granules was abrogated by boiling the red colloidal gold-DAO (DAO-G) reagent before use, a procedure known to destroy the enzymatic activity of DAO (17) . The DAO-G remained red after boiling, indicating that the enzyme-gold complex was intact. Dissociation of enzyme-gold complexes is accompanied by a color change to purple when protein flocculates and disperses from the red colloidal gold, as described (9.10). Therefore, the binding basis for this new technique to image histamine at the ultrastructural level is the affinity of enzyme (DAO) and substrate (histamine) as reported for other enzyme-affinity ultrastructural techniques (8).
Extensive controls were done to verify the specificity and practicality of the new enyzme-affinity method for histamine. These the effluent was clear, and mast-cell granules did not stain. We also passed the red DAO-gold over glass wool (necessary to retain the various beads in the Pasteur pipettes used), Sepharose beads, and heparin-agarose, and in each instance the glass wool or beads did not acquire the red coloration of DAO-gold; the effluent was clear and mast cell granules stained. (In some experiments, focal clusters of red appeared in the glass wool, and the resultant reagent used to stain grids contained fewer unwanted aggregates.)
We developed a histamine-containing agar block model to confm the specificity ofthe DAO-gold complex. Histamine was incorporated into molten agar, fued in aldehydes, osmicated, stained en bloc with uranyl, dehydrated in alcohols, embedded in Epon, sectioned, and stained exactly as the mast-cell preparations. The histamine-agar block stained with DAO-gold (8.38 partides/in*) but not with colloidal gold only (0.06 particles/in*) or with an irrelevant enzyme-gold complex (0.04 particles/in*). Other test blocks of agar alone or agar blocks containing a variety of macromolecules did not stain with DAO-gold. Thus, the specificity for histamine ofthe enzyme-gold complex DAO-gold was established.
In all of the experiments, a colloidal-gold-only control was incorporated, and nonspecifii staining with each newly prepared batch of colloidal gold did not occur. Nor did staining occur when the colloidal gold was passed over a variety of solid supports including histamine-agarose. Heparin, a major constituent of human mastcell granules, did not block DAO-gold staining, whether the reagent or 'the grid was pre-incubated with heparin or whether DAO-gold was passed over a solid heparin-sepharose support. Nor did the heparin-specific enzyme heparinase (EC 4.2.2.7) abrogate DAO-gold staining of human mast-cell granules. A phospholipidrich secretory granule (of Type II pneumocytes) present in each preparation tested did not stain, providing an intemal negative control for this procedure.
In sum, the DAO-gold enzyme-affinity technique is specific for the demonstration of histamine, as shown by the following key facts and controls necessary to validate a new enzyme affiity-gold procedure. (a) Human mast-cell granules, known to contain histamine, are positive; Type I1 pneumocyte phospholipid-rich lamellar bodies, which do not contain histamine, ue negative. (b) Hismminecontaining test agar blocks are positive. (c) Exposure of DAO-gold to specific substrate histamine (in solid form) effectively abrogates staining. (d) Digestion of the sample with specific enzyme, histaminase, abrogates staining. (e) A wide variety of controls for the specificity tests did not abrogate staining of human mast-cell granules or the histamine-agar test blocks.
In addition to staining human mast cell granules, the DAO-gold complex stained heterachromatin in mast cells as well as other cells, in concert with its known activity against the substrate putrescine (19.20). a naturally Occurzing polyamine (21). Putrescine forms covalent links to bacteriophage DNA (22,23), and in some mammalian cells polyamines &ct the initiation of DNA synthesis (24-26). Whether polyamines are actually in the nucleus in vivo has been examined by cell-&ct.ionation studies, which are plagued with redistribution possibilities. Hcrwever, with rapid fractionation procedures a nuclear location seems likely (27) , although some authors prefer to state that the nuclear location of polyamines is not yet certain (21) . The enzyme affinity-gold staining of human cell heterochromatin we report is not subject to the criticism of redistribution, nor are nuclei expected to contain histamine. Therefore, the nuclear localization of putrescine, a substrate for DAO and a poly-amine known to interact with DNA, is suggested by the enzyme affinity-gold method reported here.
The initial report of an oxidative deaminating enzyme which inactivated histamine appeared in 1929 by Best (28), and the name histaminase was suggested for the enzyme responsible for the loss of the physiological activity of histamine (29). Zeller (30) intro- duced the term diamine oxidase in 1938, based on the expanded substrate activities of pig kidney histaminase to putrescine and cadaverine. Although there has been controversy regarding the putative unity of these enzymes (19, 20, Histamine was synthesized in 1907 (32). In humans, histamine is characteristically present in the secretory granules of two cells, mast cells and basophils, and is released with rapid kinetics by regulated secretion (reviewed in 7). Both of these granulated secretory cells also undergo a secretory process, termed piecemeal degranu-lation, that characteristically empties granules in place, leaving their containers intact (reviewed in 33). Tissue mast cells and circulating basophils that enter tissues in a wide variety of circumstances release granule materials in this fashion (reviewed in 33). We have suggested that vesicular transport may be the principal mechanism by which these granule losses are effected. For example, it is possible to load basophil and mast cell granules with eosinophil peroxidase from the exterior, a process that occurs by vesicular transport (34). Imaging histamine-loaded vesicles during stimulated release reactions of mast cells and basophils would provide absolute proof that such a mechanism for secreting stored granule contents exists. The enzyme affinity-gold technique described here provides spe- cific localization of histamine in ultrastructural preparations of sufficient clarity to determine whether (or not) such transport vesicles exist. These studies are in progress.
In the work reported here, we established that all of the varied, ultrastructurally defined granule types in human mast cells do indeed contain histamine. The particle granule usually labeled with less intensity than granules with other substructural patterns, a find-ing of interest, since the major granule type in human basophils also contains particles and labels less intensely than human mast cell non-particle granules (AM Dvorak, unpublished data). Although the mast-cell preparations studied here were not actively releasing or building granules in quantity, small numbers of alteredcontent, swollen granules (releasing) (6) and centrally condensing granules (building) (15) were evident. In these instances, swollen 
